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a  b  s  t  r  a  c  t

Marine  protected  areas  (MPAs)  and  networks  of MPAs  are  advocated  worldwide  for  the  achievement  of
marine  conservation  objectives.  Although  the  knowledge  about  population  connectivity  is  considered
fundamental  for  the optimal  design  of MPAs  and  networks,  the  amount  of  information  available  for  the
Mediterranean  Sea  is currently  scarce.  We  investigated  the  genetic  structure  of  the  saddled  sea  bream
(Oblada  melanura)  and  the  level  of genetic  connectivity  between  protected  and  unprotected  locations,
using  a set  of 11  microsatellite  loci.  Spatial  patterns  of  population  differentiation  were assessed  locally
(50–100  km)  and  regionally  (500–1000  km), considering  three  MPAs  of  the  Western  Mediterranean  Sea.
All  values  of  genetic  differentiation  between  locations  (Fst  and  Jost’s  D)  were  non-significant  after  Bon-
ferroni  correction,  indicating  that,  at a relatively  small  spatial  scale,  protected  locations  were  in general
well  connected  with  non-protected  ones.  On  the  other  hand,  at the regional  scale,  discriminant  analysis  of
principal  components  revealed  the  presence  of  a  subtle  pattern  of  genetic  heterogeneity  that  reflects  the
geography  and  the  main  oceanographic  features  (currents  and barriers)  of  the  study  area.  This genetic

pattern  could  be a consequence  of different  processes  acting  at different  spatial  and  temporal  scales
among  which  the  presence  of  admixed  populations,  large  population  sizes  and  species  dispersal  capac-
ity, could  play  a  major  role.  These  outcomes  can  have  important  implications  for the  conservation  biology
and  fishery  management  of the  saddled  sea  bream  and provide  useful  information  for  genetic population
studies  of  other  coastal  fishes  in the  Western  Mediterranean  Sea.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Marine protected areas (MPAs) and networks of MPAs are
onsidered effective tools for the restoration and the manage-
ent of fishery resources both within their borders (Claudet

t al., 2008; Pérez-Ruzafa et al., 2008a; Fenberg et al., 2012) and
utside, through the export of propagules (eggs and larvae) and

he density-dependent spillover of juvenile and adult individuals
Goñi et al., 2010; Grüss et al., 2011a,b; Harrison et al., 2012;
ackradt et al., 2014).

∗ Corresponding author.
E-mail address: antonio.calo@um.es (A. Calò).

1 Present address: Mountain Research Centre (CIMO), Polytechnic Institute of
raganç a, Portugal.
2 Present address: Instituto de Investigaciones Científicas y Servicios de Alta Tec-
ología (INDICASAT-AIP), Ciudad de Panamá, Panama.

ttp://dx.doi.org/10.1016/j.fishres.2015.12.001
165-7836/© 2015 Elsevier B.V. All rights reserved.
The effectiveness of MPAs and networks would depend on a
series of criteria both related to the size, location and zoning of the
single MPAs (Pérez-Ruzafa et al., 2008b; Almany et al., 2009) and
to the relative positioning and spacing of MPAs among them (Jones
et al., 2007; Pérez-Ruzafa et al., 2008b). The latter concepts refer
to the spatial arrangement of MPAs within networks and strictly
rely on the dispersal potential of marine organisms (Green et al.,
2014). Connectivity refers to the demographic link between local
sub-populations through the exchange of individuals at whatever
life stage (Cowen and Sponaugle, 2009) and is inherently related to
species dispersal capacity (Jones et al., 2007; Botsford et al., 2009).
Connectivity is recognized to have a fundamental importance for
conservation issues because it determines the range of distances

over which marine fish populations interact and the geographical
scales that should be considered in order to properly manage
fishery resources (Leis et al., 2011). From this point of view, the

dx.doi.org/10.1016/j.fishres.2015.12.001
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fishres.2015.12.001&domain=pdf
mailto:antonio.calo@um.es
dx.doi.org/10.1016/j.fishres.2015.12.001
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nvestigation of connectivity patterns over multiple spatial scales
s crucial for the development or the improvement of spatially
xplicit conservation measures both at local and regional level
Halpern and Warner, 2003; Jones et al., 2007; Almany et al., 2009;
reen et al., 2014). At a local spatial scale, the assessment of the

evel of connectivity between protected and unprotected locations
llows to estimate the effectiveness of a MPA  to sustain outer
on-protected areas or other MPAs within the same network; at

 broader scale, it permits the delineation of environmental or
nthropogenic barriers to population connections, and allows the
haracterization of distinct management units.

In spite of its importance, the number of connectivity-based
tudies in the Mediterranean Sea is still scarce (Calò et al., 2013).
ecent studies have focused on the dispersal potential of larvae
nd/or the movements of juveniles from existing MPAs using, alone
r combined, genetic analysis, otolith chemical analysis and bio-
hysical larval dispersal models (Di Franco et al., 2012a,b; Pujolar
t al., 2013; Andrello et al., 2013).

Populations genetics is the most frequently adopted approach to
ssess the structure of fish populations and the gradient of genetic
ifferentiation among spatially distinct units (Palumbi, 2003; Jones
t al., 2009). Such information allow to investigate larval dispersal,
roviding an indirect measure of connectivity (Hellberg et al., 2002;
aples and Gaggiotti, 2006; Jones et al., 2009), and can be used to

ddress specific management issues (González-Wangüemert et al.,
004; Pérez-Ruzafa et al., 2006; Waples et al., 2008). Among the
olecular markers currently suitable for these kind of studies,
icrosatellites have proved to be a powerful tool for investigat-

ng population differentiation and gene flow in many fish species
Balloux and Lugon-Moulin, 2002). These markers are highly poly-

orphic and have fast mutation rates, thus allow to reveal genetic
ifferences even at relatively small spatial scales (Elphie et al.,
012).

In this study, we investigated the genetic structure and pat-
erns of genetic connectivity over multiple spatial scales in a

editerranean coastal fish, the saddled sea bream, Oblada mela-
ura (Linnaeus, 1758) (Perciformes: Sparidae). Two  different
patial scales were considered: at a local scale (i.e. 50–100 km)
e assessed the level of connectivity between protected and
nprotected locations, considering three MPAs of the Western
editerranean Sea; at a regional scale (i.e. 500–1000 km)  we  inves-

igated the presence of connectivity breaks possibly indicating the
ccurrence of barriers to genetic flows. The saddled sea bream
s a common and widely distributed gregarious fish that inhab-
ts rocky reefs and seagrass (Posidonia oceanica) beds (Bauchot
nd Hureau, 1986; García-Charton et al., 2004) of Mediterranean
oastal ecosystems. It is and an important species both for artisanal
nd recreational fisheries (Claudet et al., 2008; Lloret et al., 2008)
nd has a relatively short pelagic larval duration (less than 14 days
n the Western Mediterranean Sea; Calò et al., submitted), these
haracteristics making it a good biological model for genetic an
onnectivity studies in the considered region.

The outcomes of the present study shall provide useful infor-
ation on: (1) the effectiveness of already established MPAs in

ustaining nearby unprotected areas and (2) the spatial scale that
hould be considered for the correct conservation of spatially
xplicit management units in the Western Mediterranean Sea.

. Materials and methods

.1. Study area and sample collection
Sampling of O. melanura was carried out between September
nd October 2013. Three sectors (i.e. stretches of coastline of
a. 80–100 km)  spaced about 400–600 km from each other were
rch 176 (2016) 30–38 31

selected along the European coast of the Western Mediterranean
Sea (Central France, Northern Spain and Southern Spain) (Fig. 1).
In each sector 3 locations were selected (see Fig. 1 for location
names and abbreviations). The central location of each sector corre-
sponded to an MPA, respectively: Porquerolles (which became part
of the National park of Port-Cros in 2012), Cap de Creus natural park
(established in 1998) and Cabo de Palos marine reserve (established
in 1995). The other 2 locations of each sector were unprotected and
located about 40–50 km northwards and southwards of each MPA
(Fig. 1). In each location, both protected and unprotected, 25–32
juveniles (i.e. individuals of 3–4 months of age), for a total of 258
individuals, were sampled during the night, by snorkeling, using a
hand net and a torch. Specimens were firstly euthanized immers-
ing them in a water solution with few drops of 95% alcohol for
minimizing their suffering (Leary et al., 2013) and, after cessation
of opercular movements, preserved in absolute ethanol used for
genetic analysis. In the laboratory, caudal fins were dissected from
each specimen and stored in absolute ethanol at −20 ◦C.

2.2. DNA extraction and PCR amplification

Total genomic DNA was  extracted from a minute section of cau-
dal fin (∼10–20 mg)  using Sambrook et al. (1989) protocol.

DNA concentration of each individual was  evaluated using
NanoDrop 1000 (Thermoscientific) spectrophotometer, using 5 �l
of ultra-pure water as blank measure. A dilution with polymerase
chain reaction (PCR) ultra-pure water was made to standardize
each sample to 50 ng/�l of DNA.

Genotypes were examined at a total of 11 polymorphic dinu-
cleotid microsatellite loci: 7 (Omel primers) specifically developed
by Roques et al. (2001) for O. melanura and 4 (Dvul primers) cross-
validated in O. melanura by Roques et al. (2007) from a set originally
developed for Diplodus vulgaris. PCR products were obtained in a
MG96Y PCR Thermocycler (AORI Technology Group) using 2 dif-
ferent multiplex mixes for the 2 sets of primers used. For Omel
primers, PCRs were performed in a total volume of 10 �l containing
50 ng of DNA, 2 mM of MgCl2, 0.2 �M of each primer, 0.3 �M dNTP’s,
1× reaction buffer [75 mm  Tris–Hcl, 20 mm (NH4) 2SO4], 1 mg/ml
of BSA and 0.75 U Taq polymerase (BIOTAQ). PCR conditions were
as follows: an initial denaturation step of 5 min at 95 ◦C, eight cycles
consisting of 45 s at 92 ◦C, 45 s at 53 ◦C annealing temperature, 45 s
at 72 ◦C followed by an additional 24 cycles consisting of 30 s at
92 ◦C, 30 s at 55 ◦C annealing temperature, and 20 min  at 72 ◦C. For
Dvul primers, PCRs conducted in a total volume of 20 �l contain-
ing 50 ng of DNA, 2 mM of MgCl2, 0.25 �M of each primer, 200 �M
dNTP’s, 1× reaction buffer [75 mm  Tris–Hcl, 20 mm (NH4) 2SO4]
and 0.5 U Taq polymerase (BIOTAQ). Amplification conditions were
the same as for Omel primers. PCR product was run on 1.5% agarose
gel stained with safe-DNA® before being viewed under UV light and
were visualized by capillary electrophoresis using ABI Prism 3730
automated genetic analyser (Applied Biosystems). Allele scoring
was done using GeneMapper v.3.5 software (Applied Biosystems,
Foster City, California).

2.3. Data analysis

All loci were tested for the presence of null alleles using the
software MICRO-CHECKER v.2.2.3 (Van Oosterhout et al., 2004).
The software POWSIM (Ryman and Palm, 2006) was  used to assess
the statistical power of the markers used in the study using Chi-
squared and Fisher’s exact tests. A range of predefined levels
of expected divergence (Fst = 0.001, 0.005, 0.01, 0.05) was tested

using an Ne (effective population size) of 1000 and t (time of
divergence) of 10. The total number of alleles (N), the number of
private alleles (PA), observed (Ho) and expected (He) heterozygosi-
ties for each locus and location were obtained with GenAlex v.6.
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Fig. 1. Study area. (a) Central France (Cav = Cavalaire, Por MPA  = Porquerolles MPA, Les = Les Embiez); (b) Northern Spain (Col = Colera, CC MPA = Cap Creus MPA,
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ig  = Aiguablava); (c) Southern Spain (Tor = Torrevieja, CP MPA  = Cabo de Palos M
he  MPA  is highlighted and the black triangle indicates the protected sampling loc
ifferent levels of protection (low, medium and high, respectively).

Peakall and Smouse, 2006). Standardized allelic richness (AR)
nd inbreeding coefficient (Fis) and their estimated probabilities
ere calculated via 104 random permutations using FSTAT version

.3.9.2 (Goudet, 2002). A Student’s t test was used among all pairs
f locations to test for potential differences in the genetic diversity.

Deviations from Hardy–Weinberg equilibrium (HWE) and link-
ge disequilibrium (LD) were tested using GENEPOP version 3.4
Raymond and Rousset, 1995). Where multiple comparisons were
ested, the sequential Bonferroni procedure (Rice, 1989) was used
o adjust the statistical significance.

Genetic differentiation was investigated by a series of statistical
pproaches. Firstly, we used the Bayesian approach implemented
n the software STRUCTURE (Pritchard et al., 2000), a model-based
lustering algorithm that infers the most likely number of clusters
n the data. The statistical procedure organizes individuals into a
redefined number of clusters (K), with a given likelihood. Ten runs
f 106 Markov Chain Monte Carlo (MCMC) and 105 burn-in-length
ere carried out using admixture model with no prior local infor-
ation and 1 < K < 9. The most likely K was determined with the

riterion of Evanno et al. (2005) using the web tool Structure Har-
ester v0.6.94 (http://taylor0.biology.ucla.edu/structureHarvester/
. The method is based on the rate of change of mean posterior prob-

bility between 2 different clusters (�K) in function of the number
f cluster (K), and the optimal number of clusters is the one that
orresponds to the higher value of �K.
p = Cabo Cope). In each sector (a–c): black dots represent unprotected locations;
. Grey scale (light, medium and dark), where present, in each MPA represents the

Genetic differentiation was  also investigated through the Dis-
criminant Analysis of Principal Components (DAPC, [Jombart et al.,
2010]) as implemented in ADEGENET version 1.3–6 (package used
in R software, version 3.1.1; R Development Core Team, 2011). DAPC
does not rely on explicit population genetics models, and is useful
when the structure is subtle (Jombart, 2008; Jombart et al., 2010;
Vander Wal  et al., 2013). The dapc function is based on 2 steps:
data are firstly transformed using a PCA, then a discriminant analy-
sis (DA) is performed. As recommended in Jombart et al. (2010), for
the dapc we  retained a number of principal components that cor-
responded to more than ∼90% of cumulated variance and all the
linear discriminants. Two methods for DAPC are available, depend-
ing on whether the number of origin samples (K) is known or not,
and both were used in this study. In the first case (no information
on K), before performing dapc, the function find.clusters was imple-
mented to identify the optimal number of clusters. This function
runs a k-means algorithm after transforming the data through a
PCA (a step done in order to reduce the number of variables and
to speed up the clustering algorithm, (Jombart, 2013)). K-Means is
run sequentially with increasing values of K, and different cluster-
ing solutions are compared using Bayesian Information Criterion
(BIC). The optimal clustering solution is the one that corresponds

to the lowest BIC, indicated by an elbow in the curve of BIC values
as a function of K. In our case all the PCs were retained for the anal-
ysis (Jombart et al., 2010) and the maximum number of possible

http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
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Fig. 2. Repartition of the individual mean posterior probability of the 9 locations
considered in the 3 clusters identified by the DAPC without a priori information on
the origin samples. The size of the squares is proportional to the values of probability.
The meaning of abbreviations to name each location is specified in Fig. 1.
A. Calò et al. / Fisheries

lusters was set to K = 9. In the second case, the function dapc was
irectly used considering the information on the local samples and
he outcomes were visualized through a scatterplot.

Finally genetic differences among sampling locations were
ssessed by a hierarchical AMOVA in ARLEQUIN 3.5.1.2 (Excoffier
t al., 2005), partitioning genetic differentiation among sectors
nd among locations within each sector. ARLEQUIN was  also used
o test for Isolation-by-distance (IBD) using a Mantel test, cor-
elating genetic distance versus linear coastal distance between
ocations and to calculate pairwise Fst between locations. Fst val-
es were then visualised through a principal coordinate analysis
PCoA) constructed from the genetic distance matrix. Pairwise
enetic differentiations were also calculated using the more recent
eterozygosity-independent Jost’s D (Jost, 2008), which is thought
o be a more appropriate statistic for highly variable markers such
s microsatellites (Meirmans and Hedrick, 2011). This statistic,
ased on a bootstrap method (1000 bootstrap repeats) to estimate
-values, was calculated with DEMEtics (Gerlach et al., 2010) (pack-
ge used in R software, version 3.1.1; R Development Core Team,
011).

. Results

All 11 loci considered were polymorphic, with the total number
f alleles ranging from 2 to 22. The most of loci showed a high level
f polymorphism (Table 1). The lowest mean number of alleles (2.8)
as recorded for locus ‘Omel 20’, while the highest (18.8) for locus

Dvul84’. The software MICRO CHECKER detected no evidence for
ull alleles or genotyping errors due to stuttering or large allele
ropout. Simulations using recorded allelic frequencies in POWSIM
howed that the markers used in this study have enough statistical
ower to reveal genetic differentiation at Fst values ranging from
.001 to 0.05 (p = 1.000).

Values of Ar, PA, Ho, He and Fis for each combination of
ocus × location are shown in (Tab. 1). Observed values of genetic
iversity did not differ significantly between protected and unpro-
ected locations in each sector (Student’s t test, p > 0.05). Observed
eterozygosity values were relatively high across all loci, apart

rom locus Omel20 (for which the lowest number of alleles was
ecorded). Differences in mean values of Ho (range 0.724–0.794)
ere not significant among locations (p > 0.05 for all pairwise Stu-
ent’s t test) similarly to what observed for mean values of He
range 0.752–0.788) and Ar (range 10.54–11.36) (p > 0.05 for all
airwise Student’s t test). Only 4 out of 99 tests departed signif-

cantly from HWE  after Bonferroni correction (locus Omel02 at Les
nd Tor; locus Omel61 at Cav and CC MPA, see Fig. 1 for abbrevia-
ions of location names). No LD was observed between any pair of
oci after Bonferroni correction.

The results from the Bayesian approach implemented in STRUC-
URE, applying the Evanno’s method, are shown in Table A1
Supplementary material). When we considered all the 9 locations
ogether, the higher value of �K  was recorded for K = 3. Evanno’s

ethod needs at least 2 clusters in order to calculate a �K and there
s no possibility for a single homogeneous cluster to be selected.
his must be the case in our study, although the software suggests

 K = 3, the mean posterior probability indicates that individuals
elong to a unique homogeneous group with each individual hav-

ng approximately the 33% of probability to come from one of the
 clusters (Fig. A1, Supplementary material). The same outcome
as obtained when the analysis was performed on each sectors

eparately, revealing in the three cases a higher value of �K  for

 = 2, but with no clear evidences for supporting the presence of
his clustering pattern.

DAPC analysis was firstly performed without any a priori group
nformation. Using the function find.cluster,  the lowest BIC value
(381.115) corresponded to K = 3 (Fig. A2 in Supplementary mate-
rial). For DAPC analysis, 75 PCA axes and two discriminant functions
were retained. One cluster (C2 in Fig. 2 and Fig. A3 of Supplementary
material) included mainly individuals from Por MPA, Les and Col,
which together account for ∼50.0% of the total membership proba-
bility of the cluster. In a second cluster (C1) the highest membership
probability was  recorded for individuals from Cav and Aig (14.9%
and 13.6% respectively). In a third cluster (C3) the highest member-
ship probability was  recorded for individuals from Aig and CC MPA.
Individuals from the Southern Spain sector showed similar values
of individual membership probability for the three clusters.

In the second dapc analysis, clusters were defined a priori, retain-
ing 85 principal components and the maximum available number
of discriminant functions. In a first dapc all the 9 locations sampled
were considered separately: the first axis in the scatterplot sep-
arated southern locations (Southern Spain sector) from northern
ones (Central France and North Spain sector), with Cav, CC MPA
and Aig partially separated from Por MPA, Les and Col (Fig. 3a). The
second axis grouped Cav and Aig, separating them from CC MPA
and the remaining locations. The main groupings identified by the
first axis of the scatterplot were used for running other 2 dapc for
a better visualization of the outcomes (Fig. 3b and c).

Analysis of molecular variance, performed considering the geo-
graphical groupings, suggested no genetic structuring, with no
significant differences among sectors and within sectors (Table 2).
No Fst comparison resulted significant after Bonferroni correction.
Overall, values of Fst, were low with an average value, consider-
ing all the 9 locations, of 0.002. The highest value were recorded
between Cav-Por MPA  and CP MPA-Por MPA  (0.0083 for both
comparisons) (Table 3). PcoA graphically described the genetic
divergence computed in pairwise Fst. Although non-significant, a
segregation between the group formed by Por MPA, Les and Col and
all the other locations was  observed along axis 1 of the ordination
plot, while axis 2 segregated Cav, Aig and CC MPA  from the loca-
tions of the Southern Spain sector (Fig. 4), corroborating the results
from DAPC analysis. The Jost’s D values showed similar results to
the Fst values (Tab. 3). Mantel test also resulted not significant, indi-
cating that no relation between geographical and genetic distances

occurs.
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Table 1
Summary statistics of 11 microsatellite loci and overall mean among the 9 locations considered. Ar = allelic richness, PA = number of private alleles, Ho = observed heterozy-
gosity,  He = expected heterozygosity, Fis = inbreeding coefficient.

Locus Cav Por MPA  Les Col CC MPA  Aig Tor CP MPA Cop

Dvul2
Ar 8.68 8.66 9.45 10.80 9.00 9.71 10.46 10.00 11.00
PA  0 0 0 0 0 0 0 0 0
Ho  0.929 0.800 0.600 0.719 0.760 0.759 0.767 0.600 0.880
He  0.816 0.767 0.746 0.766 0.847 0.849 0.810 0.816 0.859
Fis  -0.120 -0.008 0.212 0.078 0.128 0.128 0.071 0.284 -0.004

Dvul33
Ar  4.69 2.95 3.83 2.79 2.00 2.84 2.97 3.00 2.00
PA  2 0 0 0 0 0 0 0 0
Ho  0.643 0.750 0.633 0.656 0.654 0.533 0.700 0.680 0.560
He  0.551 0.531 0.561 0.513 0.499 0.516 0.531 0.519 0.499
Fis  −0.227 −0.402 −0.111 −0.267 −0.292 −0.016 −0.303 -0.291 -0.102

Dvul4
Ar  6.00 6.66 6.83 6.79 6.85 7.64 6.97 6.95 5.00
PA  0.000 0.000 0.000 0.000 0.000 2.000 0.000 0.000 0.000
Ho  0.741 0.719 0.828 0.800 0.731 0.724 0.793 0.840 0.792
He  0.818 0.706 0.789 0.780 0.741 0.763 0.814 0.806 0.794
Fis  0.120 -0.001 -0.023 0.007 −0.018 0.077 0.050 −0.021 0.034

Dvul84
Ar  19.41 18.94 19.54 18.20 17.00 19.39 17.16 17.00 19.00
PA  0 1 0 0 0 0 0 0 0
Ho  0.857 0.867 0.963 0.867 0.840 0.857 0.800 0.920 0.960
He  0.926 0.908 0.932 0.922 0.917 0.935 0.927 0.916 0.933
Fis  0.092 0.068 -0.009 0.081 0.067 0.104 0.154 0.016 -0.009

Omel02
Ar  11.85 12.66 13.29 13.21 13.84 11.84 13.26 12.00 14.00
PA  0 0 0 0 0 0 0 0 0
Ho  0.893 0.875 0.900 0.935 0.846 0.828 0.897 0.720 0.880
He  0.879 0.901 0.886 0.898 0.890 0.892 0.881 0.886 0.906
Fis  0.002 0.044 0.001 −0.022 0.069 0.092 0.003 0.133 0.049

Omel20
Ar  2.00 3.54 2.00 2.79 2.96 2.98 2.85 3.00 3.00
PA  0 1 0 1 0 0 0 0 0
Ho  0.179 0.250 0.300 0.312 0.269 0.267 0.200 0.240 0.120
He  0.162 0.225 0.255 0.268 0.292 0.309 0.183 0.215 0.311
Fis  −0.080 −0.095 −0.160 -0.150 0.098 0.155 −0.077 -0.095 0.627

Omel27
Ar  14.94 15.16 20.49 19.04 17.81 14.44 18.30 14.00 18.00
PA  3 0 1 0 0 0 0 0 0
Ho  0.885 0.774 0.733 0.938 0.846 0.828 0.833 0.880 0.720
He  0.910 0.912 0.937 0.917 0.918 0.899 0.927 0.912 0.931
Fis  0.053 0.170 0.176 -0.006 0.098 0.100 0.117 0.055 0.246

Omel38
Ar  9.76 8.70 8.76 7.52 6.00 8.65 7.62 7.00 7.00
PA  1 0 0 0 0 0 0 0 0
Ho  0.821 0.938 0.700 0.594 0.731 0.667 0.767 0.760 0.840
He  0.813 0.805 0.789 0.798 0.757 0.815 0.776 0.804 0.781
Fis  0.009 -0.149 0.129 0.242 0.054 0.164 0.029 0.075 -0.055

Omel54
Ar  17.42 17.15 16.21 15.86 17.00 16.38 16.58 18.00 16.00
PA  0 0 0 0 0 0 0 0 0
Ho  0.964 0.906 0.933 0.812 0.880 0.800 0.900 0.920 0.800
He  0.925 0.905 0.911 0.913 0.904 0.926 0.928 0.931 0.916
Fis  -0.025 0.015 -0.007 0.125 0.007 0.121 0.047 0.032 0.147

Omel58
Ar  7.80 6.60 6.68 6.60 7.96 7.64 6.97 8.00 8.00
PA  0 2 0 0 0 0 0 0 0
Ho  0.889 0.656 0.700 0.844 0.885 0.900 0.733 0.760 0.880
He  0.795 0.704 0.696 0.745 0.791 0.785 0.723 0.805 0.814
Fis  −0.090 0.083 0.011 −0.117 −0.098 -0.131 0.002 0.076 −0.060

Omel61
Ar  18.22 16.40 17.88 16.96 19.69 15.39 17.11 17.00 16.00
PA  0 1 0 0 0 0 0 0 0
Ho  0.929 0.844 0.867 0.906 0.885 0.800 0.900 0.960 0.840
He  0.923 0.911 0.913 0.924 0.926 0.909 0.925 0.918 0.923
Fis  0.012 0.058 0.067 0.035 0.064 0.136 0.008 -0.026 0.110
All
Ar  10.979 10.675 11.360 10.960 10.919 10.627 10.932 10.541 10.818
Ho  0.794 0.762 0.742 0.762 0.757 0.724 0.754 0.753 0.752
He  0.774 0.752 0.765 0.768 0.771 0.782 0.766 0.775 0.788
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Table  2
Hierarchical analysis of molecular variance (AMOVA). d.f. (degrees of freedom), SS (sum of square).

Grouping Source of variation d.f. SS Variance components Percentage of variation P-value

Sectors 1.France Among groups 2 9.183 0.002 0.05 0.303
2.North Spain Among populations within groups 6 25.281 0.000 0.00 0.493
3.South Spain Within populations 507 2139.98 4.221 99.95 0.364

Total  515 2174.44 4.223

Table 3
Pairwise comparison between locations. Fst below diagonal, Jost’s D above diagonal. See Fig. 1 for location names.

Cav Por MPA  Les Col CC MPA  Aig Tor CP MPA Cop

Cav 0.0337 −0.0007 −0.0187 −0.0044 −0.0515 −0.0080 0.0027 −0.0195
Por  MPA 0.0083 0.0119 −0.0192 0.0004 0.0117 0.0154 0.0450 0.0327
Les 0.0018 −0.0006 −0.0143 0.0231 −0.0157 0.0065 0.0386 −0.0059
Col  0.0008 −0.0036 −0.0035 0.0074 −−0.0141 −0.0176 0.0065 −0.0048
CC  MPA  0.0014 0.0004 0.0041 0.0011 −0.0062 −0.0025 −0.0018 −0.0212
Aig  −0.0046 0.0015 −0.0005 −0.0004 −0.0007 −0.0245 0.0079 −0.0195
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Tor  0.0019 0.0017 −0.003 −0.003 

CP  MPA  0.0026 0.0083 0.0036 0.0009 

Cop  0.0020 0.0056 0.0012 −0.0002 

. Discussion

The results of the study revealed a high level of genetic diver-
ity in O. melanura, expressed as both expected heterozygosity and
llelic richness. Similar results were recorded, for the same species,
sing a different set of microsatellite primers (Gkafas et al., 2013),
nd in other sparid fish in the Mediterranean Sea (Franchini et al.,
011). High genetic diversity is fundamental for maintaining the
daptability of natural fish populations and sustainable yields in
sheries (Kenchington et al., 2003).

At a local spatial scale (within sectors, 50–100 km)  protected
amples of O. melanura were in general well connected with non-
rotected ones. The lowest values of Fst and Jost’s D were mainly
ecorded for pairwise comparisons between locations within the
ame sector, suggesting a high genetic flow between MPAs and
ocations outside their borders, within each sector considered.

oreover, no differences were found between protected and
nprotected samples in terms of genetic variability. This latter
esult contrasts with the work of Pérez-Ruzafa et al. (2006) that
ound higher values of both total and standardized allelic richness
n protected populations of Diplodus sargus sargus than in unpro-
ected ones, considering two MPAs of the Western Mediterranean
ea (two within the Southern Spain sector and one within the
orthern Spain sector of this study). Genetic diversity loss in com-
ercial important species can be a consequence of fishing selection

Pérez-Ruzafa et al., 2006). However, the inference about bene-
ts due to protection from fishing was not an aim of the present
tudy. In fact, the choice to analyse juveniles and consider recently
stablished MPAs (e.g. Por MPA) have to be seen in the light of

 study mainly focused on recent genetic connectivity patterns,
mong MPAs and unprotected areas, rather than MPA  effects.

The low level of genetic differentiation, considering all the sam-
ling locations, suggested that local samples of saddled sea bream
orm a unique, continuous unite along the coast of the Western

editerranean Sea.
On the other hand, at the regional scale (considering the three

ectors, distant 500–1000 km apart), further analyses revealed the
resence of a genetic clustering that has geographic consistency
espite the high gene flow. The results from DAPC analysis, per-
ormed without a priori information, showed the occurrence of
hree genetic clusters, whose composition can provide informa-

ion on the spatial genetic pattern of the species in the study area.
he same pattern was corroborated by the ordination plot based
n the pairwise Fst between sampling locations, while, although
0.0012 −0.0018 −0.0370 −0.0416
0.0024 0.0022 −0.0043 −0.0493
0.0004 −0.0018 −0.0026 −0.0040

the Bayesian approach indicated the existence of the same number
of clusters, there were no evidences for supporting this clustering
pattern by this method, as a great homogeneity among the three
clusters resulted from the posterior membership probability.

It is difficult to establish with certainty which are the main fac-
tors that contributed to the formation of this clustering pattern.
The occurrence of the three clusters could be related to an histori-
cal isolation of differentiated groups that are currently admixed by
ongoing gene flows in the Western Mediterranean Sea. We  cannot
exclude temporal variation in contributing to the identified clus-
tering pattern. Our sampling design was mainly focused to assess
spatial genetic differences and did not include any temporal repli-
cate. This aspect would be certainly worth further investigation.
Additional samplings in the study area or over a larger spatial scale
would permit a better understanding of the genetic structure of the
species in the region.

Although the overall high level of admixture, the cluster C2
shows a composition that seems to reflect the geographical features
of the region, being mainly composed by individuals from neigh-
bouring locations, all located in the Gulf of Lions. That could suggest
a past isolation of the groups of O. melanura inside the gulf or
more limited gene flow with the locations off the gulf. Interestingly,
although CC MPA  and Aig are geographically close to the samples
mainly grouped in cluster C2, individuals from these two locations
were the least present in the cluster C2, while a higher membership
probability to the same cluster was  found for the individuals of the
Southern Spain sector. This outcome could be a consequence of the
dispersal characteristics of the saddled sea bream that has a seden-
tary behaviour during the juvenile/adult phase and its dispersal
capability is mainly due to propagules (eggs and larvae) disper-
sal. Relatively closer locations, separated by habitat discontinuities
that do not permit the movement of juveniles and adults, could be
less connected than distant ones by propagule dispersal, that for
O. melanura can take place up to ∼100 km (Calò et al., in publica-
tion). The lower genetic purity of group dominance of clusters 1
and 3 could be due to the fact that the study areas correspond to
marginal areas. The origin of the cluster 1 could be shifted to the
Gulf of Genoa while the cluster 3 might be to the Alboran Sea.

The DAPC analysis with a priori information revealed a separa-
tion between the northern part of the study area (Central France
and Northern Spain) and the Southern Spain sector. The genetic

differentiation between the northern and the southern part of
the Western Mediterranean Sea was  already pointed out in sev-
eral recent studies focused on the genetic structure of different
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Fig. 3. Scatter plot of the DAPC with a priori information on the origin samples:
(a)  groups corresponding to the 9 locations sampled (the 2 axes represent the 2
major discriminant analysis eigenvalues); (b) two groups (1 discriminant analysis
e
e

c
o
S
a
r
b
w

Fig. 4. Principal Coordinates Analysis for O. melanura samples. See Fig. 1 for location
igenvalue); (c) three groups (the 2 axes represent the 2 major discriminant analysis
igenvalues). See Fig. 1 for location names.

oastal fish. Schunter et al. (2011a) specifically addressed the role
f the Ibiza channel, that in our study separated the Southern
pain sector from the other two sectors considered, by acting as
n important barrier for the circulation of the Western Mediter-

anean Sea, thus determining genetic differentiation across this
oundary (but see also, Schunter et al., 2011b). Similar results
ere found for other commercial species of the Sparidae family
names.

(Pérez-Ruzafa et al., 2006; Galarza et al., 2009a,b; for an example
with O. melanura) and for the red mullet Mullus barbatus (Galarza
et al., 2009a,b), along the same stretch of Mediterranean coastline.

Within the northern sectors of our study area (France and North-
ern Spain) a separation was  found between a group formed by
Cavalaire, Cap de Creus natural park and Aiguablava and a sec-
ond group composed by Porquerolles national park, Les Embiez
and Colera. This pattern, although subtle, is concordant with the
results previously discussed and is likely to be related to geograph-
ical arrangement of the sampling locations and the oceanographic
circulation of the Western Mediterranean Sea. In particular, Por-
querolles, Les Embiez and Colera, could be genetically more similar
due to the circulation of the Liguro-Provenç al current along the
gulf of Lion, separating them from locations outside the gulf. This
oceanographic system is one of the most important current in the
Mediterranean Sea and follows a south-western trajectory skim-
ming the coasts of France and Spain (Mounier et al., 2005). The
Liguro-Provenç al current could be responsible of a high dispersal
of larvae directly towards the Catalan coast and a low dispersal
towards locations inside the gulf of Lion. This could explain the
relatively high values of Fst between Porquerolles MPA  and Cav-
alaire, and the high genetic similarity between Cavalaire and the
two southern locations of the Northern Spain sector (south of Cap
de Creus peninsula). A similar conclusion was reached by Lenfant
and Planes (1996), that found a genetic distinction between popu-
lations of Diplodus sargus,  relatively close to each other, across the
western edge of the gulf of Lion.

The detected complex pattern of population connectivity sug-
gests that restrictions to gene flow could be located within the
sectors investigated rather than between them. Moreover, the
results indicate that the gene flow in the study region may  not be
related to geographical distances; certain locations showed lim-
ited connectivity with their surroundings, whereas other locations
showed long distance genetic exchange, as suggested for other fish
species (Evans et al., 2010; Villegas Sánchez et al., 2014). In this
context, reduced levels of genetic differentiation may be promoted
in marine organisms with large effective population sizes com-
plemented with high levels of population admixture of distinct
genotypes among locations; however, both conditions could con-
tribute favouring subtle but complex genetic structures, depending
on the balance between current-mediated larval dispersal and

adult active homing behaviour over small and large geographic
scales (Baeza and Fuentes, 2013; Lemer and Planes, 2014; Vergara-
Chen et al., 2014).
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The microsatellite DNA analysis of saddled sea bream over
ultiple spatial scales indicated a non-significant genetic dif-

erentiation between samples and a subtle pattern of genetic
eterogeneity at the regional scale, providing an evidence of dif-

erent levels of gene flow and population connectivity as result
f genetic admixture along the locations studied in the Western
editerranean Sea. The outcome of this study showed that the anal-

sis of genetic differentiation over multiple spatial scales can reveal
he presence of different genetic patterns that should be considered
or the management of marine resources. Thereby, our study can
ave important implications for the conservation biology and fish-
ries management of the saddled sea bream and species harbouring
imilar biological attributes, and provide useful information for
enetic population studies of other ecologically and commercially
mportant coastal fishes. To conclude, it is fundamental to take
nto account different spatial scales in the genetic analysis of sam-
les representative of marine species for the improvement and/or
esign of future conservations strategies in the Western Mediter-
anean Sea. From this perspective, the differences in local and
egional patterns of genetic differentiation recorded in this study
mphasize the need to consider ecological units, rather than polit-
cal subdivisions, for the management of marine resources.
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